We show that nanowire field-effect transistor (NWFET) arrays fabricated on both planar and flexible polymeric substrates can be reproducibly interfaced with spontaneously beating embryonic chicken hearts in both planar and bent conformations. Simultaneous recordings from glass microelectrode and NWFET devices show that NWFET conductance variations are synchronized with the beating heart. The conductance change associated with beating can be tuned substantially by device sensitivity, although the voltage-calibrated signals, 4-6 mV, are relatively constant and typically larger than signals recorded by microelectrode arrays. Multiplexed recording from NWFET arrays yielded signal propagation times across the myocardium with high spatial resolution. The transparent and flexible NWFET chips also enable simultaneous electrical recording and optical registration of devices to heart surfaces in three-dimensional conformations not possible with planar microdevices. The capability of simultaneous optical imaging and electrical recording also could be used to register devices to a specific region of the myocardium at the cellular level, and more generally, NWFET arrays fabricated on increasingly flexible plastic and/or biopolymer substrates have the potential to become unique tools for electrical recording from other tissue/organ samples or as powerful implants.
Recording electrical signals in vitro and in vivo from whole hearts represents a general methodology useful in areas ranging from basic studies of cardiac function to patient healthcare. [1] [2] [3] [4] [5] [6] Low-resolution measurements of activation across the entire heart with, for example, macroscale metallic electrodes in contact with the epicardium 2 or optical microscopy of dyed tissue, 3, 4 have been used as a diagnostic tool to examine the origins of arrhythmia. [1] [2] [3] [4] More recently, higher-resolution recording from embryonic hearts has been achieved using microelectrode arrays (MEAs) with typical electrode diameters and spacings of order 10 and 100 µm, respectively. MEAs can yield more detailed information than larger scale electrodes, for example, on conduction velocities in heart tissue, 4 -6 yet a reduction in signal-to-noise with decreasing MEA electrode size 7, 8 will make micrometers to submicrometer resolution measurements needed for cellular or subcellular resolution difficult to achieve. Moreover, higher-resolution MEAs have been restricted to planar structures that cannot conform to organs, such as the heart, which are intrinsically three-dimensional (3D) soft objects.
An alternative method for electrical recording from biological systems uses nanowire (NW) and carbon nanotube field effect transisters (FETs) as key device elements. 9, 10 These nanoscale FETs have demonstrated higher sensitivity than planar devices for recording local potential changes associated with binding and unbinding of proteins, nucleic acids, and viruses [11] [12] [13] [14] as well as the propagation of action potentials from cultured neurons. 15 To date, NW and nanotube devices have not been used for recording from tissue samples or entire organs, although there are several reasons that make such studies attractive. First, the intrinsic small size of NW and nanotube FETs could provide information about propagating electrical signals at a far higher spatial resolution than previously demonstrated. Second, there is considerable emerging work demonstrating that nanostructures and nanostructured substrates have enhanced interactions with artificial membranes, cells, and tissue compared to larger-scale morphologies and planar substrates. [16] [17] [18] [19] Third, NW and nanotube device arrays can be readily fabricated on flexible and transparent polymer substrates, [20] [21] [22] and thus device chips could be bent to conform to 3D curved surfaces of a heart versus the case of rigid, planar microdevice arrays.
Here we describe electrical recording from whole embryonic chicken hearts using NWFET arrays in both planar and bent conformations. Briefly, 30 nm diameter p-type SiNWs 23,24 were transferred to oxidized silicon and transparent polymer substrates; interconnects were defined by standard photolithography and then passivated using a combination of Si 3 N 4 and SU-8 polymer films. The fabrication approach yields active NWFET channels that protrude above the surface of the underlying chip almost entirely exposed to solution. The two-layer passivation provides robust isolation of the metal interconnects on planar and highly bent chips with minimal capacitive coupling up to 15 kHz measurement frequencies.
In a typical experiment with planar NWFET chip configuration ( Figure 1A ,B), a freshly isolated heart 25 was placed on top of the active device region of a heated sample chamber. After a brief period of equilibration with medium, hearts beat spontaneously at a typical frequency of 1-3 Hz for ca. 20 min. 26 Initially, the NWFET response to beating hearts was carried out by simultaneously recording signals from a NWFET and from a conventional glass pipette inserted into the heart. 27 Representative data ( Figure 1C ) show close temporal correlation between initial sharp peaks recorded by the two distinct measurements, although the pipette peak occurs ca. 100 ms before the NWFET peak in each beat. The consistent time difference is expected since the pipette was inserted into a spatially remote region with respect to the NWFET devices. Examination of individual NW signals reveals an initial fast phase (full-width at halfmaximum, fwhm ) 6.8 ( 0.7 ms) followed by a slower phase (fwhm ) 31 ( 9 ms, black arrow). NWFET signals exhibiting the fast followed by slow phases were recorded in 85% of our >75 independent experiments and thus demonstrate the reproducibility of our NW-based recording approach. Notably, measurements remain stable for up to 9 min of continuous recording, with long-term experiments ultimately limited by the viability of the excised heart ( Figure  S1A in Supporting Information). In addition, the NWFET arrays are very stable with single chips being used for multiple experiments over the course of several weeks ( Figure S1B in Supporting Information).
Several experiments were carried out to understand the nature of the two recorded peaks and the role of the NWFET recording elements. First, an inhibitor of myosin-II ATPase activity, blebbistatin, was applied during recording to prevent contraction while maintaining the physiological excitability of ion channels. 29, 30 Signals recorded before and after addition of blebbistatin 28 showed that the slow transients were eliminated while the initial, fast transients were unaffected ( Figure S2 in Supporting Information). Hence, the fast phase peaks can be associated with transient ion-channel current in the hearts. Second, simultaneous measurements from adjacent "devices" with and without NWs (with 20 µm interdevice spacing) yielded characteristic signals only for electrodes with the NW element. Taken together these results confirm that NWFET is essential for recording and that the much larger contact electrodes do not contribute to the observed signals.
The peaks recorded with our NWFETs ( Figure 1C ) exhibit excellent signal-to-noise. The observed conductance changes associated with these peaks does, however, depend on the device transconductance. To illustrate this point and provide voltage calibration for the peaks, data were recorded at a variety of applied water-gate potentials. 23 NWFET results from a beating heart with the water-gate varied from -0.4 to 0.4 V (Figure 1D,E) show a decrease in the magnitude of the fast transient conductance change from ca. 55 to 11 nS, which is correlated with the decrease in device transconductance over this same range of water-gate potentials. Notably, the voltage-calibrated signal determined using the device transconductance ( Figure 1E ) was essentially constant at 5.1 ( 0.4 mV for this same variation of water-gate voltage. These results confirm the stability of the interface between the NWFETs and beating heart and highlight the necessity of recording explicit device sensitivity to interpret corresponding voltages. To investigate further the sensitivity and potential spatial resolution of the NWFET elements, measurements were also recorded simultaneously from two NWFETs with a center-to-center separation of only 5 µm ( Figure S3A in Supporting Information). The conductance peaks recorded from NW1 and NW2 ( Figure S3B in Supporting Information) have a 1.5× difference in amplitude (10.7 vs 16.2 nS), although the calibrated voltages are the same. These data also demonstrate the potential to record signals without cross-talk at a spatial resolution substantially higher than that with MEAs.
NWs and carbon nanotube FETs can be fabricated on flexible plastic substrates, [20] [21] [22] and thus open up the possibility of making chips that can be readily deformed to tissue and organs or used for in vivo studies, as demonstrated in the case of polymer-based MEAs. 31, 32 We have explored this concept by assembling NWFETs on 50 µm thick flexible and transparent Kapton substrates. An image of a typical device chip (Figure 2A ) highlights its flexibility and transparency, as well as the straightforward pin-plug interface to our recording instrumentation. In these experiments, the NWFET devices are located in a central 4.8 × 1.2 mm 2 region of the chip, although we stress that other configurations are readily accessible simply through fabrication with appropriate photolithography masks. Plots of NW conductance (G) versus applied water gate voltage (V g ) for three devices in the array (inset, Figure 2A) show that devices all turn off (threshold voltages) close to or positive of V g ) 0.
In the on-state, the maximum device sensitivities, G/V g , at V g ) -0.2 V are 24, 32, and 22 µS/V for NW1, NW2, and NW3, respectively. We believe that these device variations could be reduced in the future and stress that they in no way limit quantitative recording from whole hearts.
Specifically, simultaneous measurements made with these three NWFETs from an isolated beating heart ( Figure 2B) show correlated fast and slow phase peaks similar to those shown in Figure 1 . The fast phase conductance peaks, which exhibited excellent signal-to-noise (S/N), had recorded magnitudes of 127 ( 4, 146 ( 4, and 114 ( 4 nS for NW1, NW2, and NW3, respectively. These conductance values correspond to calibrated voltages of 5.3 ( 0.2, 4.6 ( 0.1, and 5.3 ( 0.2 mV and are comparable to those observed from devices fabricated on rigid silicon/silicon oxide substrates (e.g., Figure 1E ). The voltage differences likely reflect small variations in NW/heart interface given the relative separation of NW1, NW2, and NW3 ( Figure 2C ) but do not affect quantitative analysis of timing differences between the NW recording elements.
To determine possible time differences between the signals recorded by the three NW devices, we used a standard cross- correlation technique. 33 The three devices, which had a geometric layout represented by Figure 2C , were interfaced with the ventricular region of the heart such that an axis drawn between the atria and apex was oriented along the line defined by NW1/NW3 and NW2 in the array. In the first orientation, the 1.2 ms time delays between signals recorded by NW1/NW3 and NW2 ( Figure 2C , left) reveals an activation sequence corresponding to surface propagation from the apex toward the atria. This conclusion is consistent with known activation sequences across the epicardium of hearts from chick embryos. 35 To confirm the robustness of the measurements, we also rotated the heart 180°and observed a consistent inversion of signal delays ( Figure 2C,  right) . These experiments bear out the potential of flexible NWFET arrays to record wavefront propagation on the surfaces of hearts. The present experiments, which had an instrument limited recording resolution of ca. 300 µs, 33 could not resolve timing delays between NW1 and NW3; however, implementation of higher bandwidth recording should enable the high spatial resolution of NW devices to be used for such studies in the future.
These flexible and transparent NWFET chips also enable simultaneous optical imaging and electronic recording in configurations that are not readily accessible with traditional planar device chips, yet advantageous for producing diverse, functional tissue-device interfaces. A bent device chip with concave surface facing a beating heart immersed in medium ( Figure 3A) illustrates this capability. We note that the chip is readily integrated into an upright microscope and allows for both visual inspection, which enables rough orientation of the device array to the heart, and higher-resolution imaging through the transparent substrate while recording from NWFET devices ( Figure 3B ). Our capacity for simultaneous imaging of tissue and devices enables their registration at the level of the entire organ down to that of individual cells. Notably, recording from a representative NWFET device in this inverted configuration ( Figure 3C ) demonstrated excellent S/N fast component peaks correlated with the spontaneously beating heart. The average magnitude of the conductance peaks, 164 ( 7 nS, and calibrated voltage, 4.5 ( 0.2 mV, are similar to that recorded in more traditional "planar" configuration. In addition, similar recording was achieved on beating hearts in which bent chips were oriented with convex NWFET surface wrapped partially around the heart. Taken together, these results demonstrate that our flexible and transparent NW chips can be used to record electronic signals from organs in configurations not achievable by conventional electronics.
We believe that the demonstration of recording from embryonic hearts using flexible and transparent NWFET arrays presents a number of opportunities for the future. As shown above and elsewhere, 36 NW devices can be readily fabricated with sub-10-µm spacing, with active device areas orders of magnitude smaller than state-of-the-art MEAs, 5, 6, 37, 38 and could provide data at subcellular resolution. To exploit this spatial resolution for temporal measurements of firing will, however, require the demonstration of a frequency bandwidth greater than that demonstrated in the present studies. The capability of simultaneous optical imaging and electrical recording also could be used to register devices to a specific region of the myocardium at the cellular level. Last, we believe that NWFET arrays fabricated on increasingly flexible plastic and/or biopolymer substrates can become unique tools for electrical recording from other tissue/organ samples or as powerful implants. 
